The increasing penetration of variable renewable energy is becoming a key challenge for the management of the electrical grid. Electrical Energy Storage Systems (ESS) are one of the most suitable solutions to increase the flexibility and resilience of the electrical system. This paper presents an innovative methodology for the appraisal of the investment in ESS. The methodology is based on the Real Option Analysis and it is able to properly consider investment risks and uncertainties as well as the options available for the investor. The paper assesses the value of the option to wait for a change in the market conditions before investing and re-evaluates the profitability of the investment after each step of the development of the ESS project. In order to exemplify relevant results, this method is applied to the UK energy market and assesses the technical and economic feasibility of investing in ESS operating price arbitrage and Short Term
Introduction
Global renewable generation increased in 2013 by 240 TWh, accounting for almost 22% of total power generation, and it is expected to grow by almost +45% by 2020 [1] . The increasing penetration of variable Renewable Energy Technology (RET) is becoming a key challenge for the management of the electrical grid, as a high percentage of RET requires flexible power systems to quickly react to the variability of supply and demand, as exemplified in [2] . Nuclear power plants are also critical because their operation costs are almost fixed and the daily variation of power rate would lead to early aging [3] .
Electrical Energy Storage Systems (ESS) are one of the most promising solutions to moderate the effects of intermittent renewable resources and to store electricity produced by other base-load plants (e.g. nuclear power plants) when in not needed and to provide the necessary flexibility required for future smart grids [4] , [5] . ESS support the creation of a reliable stream of power throughout the day filling the gap between demand and supply.
In the power industry, several uncertainty factors affect the profitability of ESS, and literature (see section 2.3 and 2.3.2) recommends to assess the value of uncertainties through the Real Option Analysis (ROA), which is a valuable method in uncertain contexts [6] . This work is a further development of [3] , and investigates the technical and economic feasibility of investing in ESS
, [7] . Similarly to Reuter et al. [8] , this paper calculates the level of incentives that would trigger the investment in ESS. In addition, the model implements three relevant real options for the investment appraisal: the option to wait to invest, the option to build and the options to wait to build. The method is applied from the investors' point of view and uses UK data because: the availability of public information, the expected increase of renewable sources [9] , the remarkable interest in further nuclear development [10] .
In summary, this work addresses the following research questions:
 Which ESS are technically and economically suitable for the storage of several MWh?
 Which are the risks and options of investing in ESS?
 How ROA can be implemented for an investment appraisal in ESS?
 What is the economic performance of ESS implementing ROA?
Literature Review Overview of Energy Storage Systems
Energy Storage refers to a three-steps process that consists of (1) withdrawing electricity from the grid, (2) converting it into a form that can be stored, and (3) converting it back and returning it to the grid when needed [11] . This process enables the storage of energy at times of either low demand, low generation cost or from intermittent energy sources and uses it at times of high demand, high market price and or when power is needed as backup.
Akinyele and Rayudu [11] give a complete overview of ESS, updating the work of Chen et al. [12] . ESS have four main components: the charging unit, the storage medium, the discharging unit, and the control unit, and can be classified by the form of storage into four different main clusters [12] :
1) Mechanical (Pumped Hydro Systems, Compressed Air Energy Storage..);
2) Chemical (fuel cells, batteries..); this cluster is sometimes further divided into Chemical ESS and
Electrochemical ESS [13];
3) Electrical (capacitor, super capacitors); 4) Thermal (low temperature and high temperature storage).
ESS can also be classified according to several other parameters, such as the quantity of energy stored, the rate at which energy can be absorbed, the efficiency of the ESS, their cycle life, their applications [14] and according to the implementation within the power grid [15] . Denholm et al.
[16] list the different applications of ESS depending on the combination of discharge time, response time and benefits provided to the grid (see a description of benefits in [17] .
Following the research of Locatelli et al. [3] , this work focuses on large ESS operating price arbitrage and STOR. Price arbitrage is one of the most common application of large-scale ESS and refers to the practice of purchasing low-cost off-peak energy in order to sell it during periods of high prices. Offpeak prices normally incur during the night, when the energy demand is lower. STOR is one of the services provided by UK National Grid, and it provides electricity to match demand and production.
The minimum requirements for a power plant willing to operate STOR are [18] :
 offer a minimum of 3MW generation;
 have a maximum Response Time for delivery of 240 minutes, although typical contracts are for 20 minutes or less;
 be able to deliver the contracted MW for a continuous period of minimum 2 hours;
 have a recovery period after provision of Reserve of not more than 1200 minutes;
 be able to deliver at least three times per week.
As in Locatelli et al. [3] , price arbitrage and STOR are the most relevant for the integration of large amount of electricity, especially from wind farms. In fact, due to the large deployment of wind farms, the grid is affected by balancing problems, and reserve services are required. ESS can be used in alternative or to complement gas turbines in order to tackle the balancing problems, to generate electricity when prices are high and to store it when prices are low. However, only few technologies meet the aforementioned requirements and the most adequate ESS for price arbitrage and STOR are Pumped Hydroelectric Storage (PHS) and Compressed Air Energy Storage (CAES), as they both fulfil the above-mentioned requirements. Currently there are several PHS systems (e.g. 7.6 GW in Italy, 7.6 GW in Germany, more than 20 GW in the US..), and two CAES systems installed in the world [19] . 2) market risks, that are the factors that affect the electricity supply system;
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3) regulation and policy risks.
Tab 1 classifies the most relevant external and internal investment risks in ESS, and their respective causes: external risks are related to market and policies concerns, while internal risks are the technology-specific. Tab 2 highlights the causes of the risks with the highest impact and highest probability to occur. In summary:
1) one of the major external risk for the NPV of ESS is the high unpredictability and volatility of electricity prices, mainly caused by the increase of renewable power plants, and wind farms in particular.
2) the introduction of incentives or the publication of long-term and stable energy policies specifically designed for ESS would have a major impact on the NPV of the ESS. For instance, the increase of intermittent renewables intensify the volatility of electricity prices during the peaks.
Therefore, the increase of intermittent renewables is twofold: it favours the absolute revenues but it may decrease their relative value for power installed due to the higher price volatility. In order to overcome to this trade-off, fixed tariffs per kWh sold specifically designed for ESS would be valuable to guarantee ESS profitability.
3) natural gas has a relevant impact on the Life Cycle Cost (LCC) of a CAES, as 85-90% of the Variable Operative Costs (VOC), besides the purchase of electricity, are fuel costs, and VOC have an impact on the LCC in a range of 36%-42%, as shown in section 4; 4) the main internal risks affecting profitability of PHS and CAES are the delays in the construction and cost overrun. Both might have a very high impact on the profitability and high probability to occur. Moreover, any delay in the construction affects the profitability in two ways: firstly as a direct cause of cost overrun and secondly delaying the positive cash flow. overview of ROA applied to RET. Tab 10, in appendix, is a holistic review of ROA applied to the Power Industry, and shows the increasing interest in the application of ROA in the Power Industry.
RO A app lied to E ES
Only few papers apply ROA to evaluate investments in ESS. The most relevant are discussed in this section and in Tab 11 in the appendix. Kroniger and Madlener [39] evaluate the investment in a hydrogen storage system to store the excess of electricity produced by wind farms. The risks are assessed through Monte Carlo (MC) simulations ROA hoice of the investment timing. Reuter, Fuss et al. [8] use the ROA for the investment appraisal of PHS connected to a wind farm in the German and Norwegian scenario. ROA takes into account the variability of the electricity price, the possibility to benefit from incentives, and the intermittency of wind power.
Results show that the electricity premium price to trigger the investment of the PHS is very high (70% for Germany and 75% for Norway), and that the subsidy that would make up the difference between this needed premium and a more realistic premium is 35% for Germany and 50% for Norway. Muche [40] applies the ROA to the investment appraisal of PHS in Germany. Compared to
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uncertainty and the flexibility associated the investment.
Con clus ions about RO A
In conclusion, the current review shows that:
1) there is an increasing interest in the application of ROA in the power industry, as the ROA 2) the ROA can be applied at different stages of a project;
3) the ROA can evaluate the uncertainties such as the variability of electricity price, possible changes in regulations, potential increase of the natural gas price, and unexpected increase in capital costs; 4) ROA can help to assess the risks related to investments in RET and ESS, that are affected by variability of their sources and uncertainties related to the regulatory environment.
Model
Traditional methods for project financial evaluation are based on the DCF analysis, where cash flows are discounted to the current value and the NPV is the sum of the sum of the DCF over the project as in Eq 1, where WACC stands for Weighted Average Cost of Capital:
Eq 1
A common investment rule is to proceed if the NPV is greater than zero or, in case of a choice between two or more projects of comparable size, the priority will be given to the one with the higher NPV [41] . DCF analysis is easy to implement, but has some flaws [42] , that can be reduced using different techniques, such as the sensitivity analysis or the scenario analysis. However , these two techniques are deterministic, as they do not consider the stochastic nature of the parameters that affect the analysis.
A more powerful tool is the MC simulation, in which the values of the independent variables x are extracted from their assumed stochastic processes, generating the approximated probability distributions of the dependent variables F(x). For every simulation, a defined number of paths is generated, sampling the values of the stochastic variables, to create the NPV distribution. These NPV distributions are characterize NPV E NPV NPV supporting the investors in their decisions.
As in Locatelli et.al [43] , the current analysis implements the MC simulation to model the stochastic nature of the main risks concerning ESS.
In order to model the ROA, four sequential steps are considered, as explained in the following sections, as shown in Fig 1. The ROA considers calculates the value of three real options:
1) the option to wait to invest;
2) the option to build;
3) the option to wait to build.
The first option considers the screening, but to wait that some relevant parameters (i.e. capital costs) decrease to a certain value T whether to build or not after the detailed design phase. The third option models option to further postpone the decision to build the ESS system, waiting for a further capital costs reduction. Fig 2 shows The four steps model
Step 1 Optimal Storage Capacity to operate Price Arbitrage and STOR
The first step of this work relies on the same hypothesis and method detailed in [3] and calculates the optimal size capacity of the storage reservoir of the PHS and the CAES system analysed.
Step 2 DCF analysis
The second step is the deterministic DCF analysis over the plant lifecycle. The DCF analysis provides:
1) the investment NPV, IRR and PBT;
2) the ratios between capital costs or operating costs considering the entire LCC. These ratios are particularly relevant for the CAES system, in order to assess the impact of Natural Gas Cost on the LCC. The ratio between VOC and LCC for a CAES lays in the range 36%-43%;
3) the required incentives to guarantee NPV = 0 for PHS and CAES operating price arbitrage and STOR, that for a CAES lays in the range 34 £/MWh 47 £/MWh, while for a PHS they are 22 £/MWh 25£/MWh.
Step 3 Option to wait to invest
The NPV calculated in step 2 uses as deterministic inputs:
1) the expected values of capital costs [£/MW];
2) the current value of natural gas cost [£/MWh];
3) the current values of the electricity price [£/MWh].
Since the capital costs overrun is the most relevant risk jeopardizing the investment in ESS, it is fundamental to assess its impact.
Step 3 evaluates the expected capital costs threshold CC* that triggers the investment in ESS. CC* is the threshold that guarantees the maximum E[NPV], taking into account the probability to reach such value. Capital costs equal to zero would surely guarantee the maximum NPV, but there is a probability equal to zero that this could happen. So step 3
considers the trade-off of a costs reduction (and increment) in combination with the probability that it will occur.
Step 3 starts with the DCF analysis, where the major risks that affect investments in PHS and CAES presented previously are modelled as explained in Tab 2) the level of incentives introduced is uncertain;
3) the E[NPV] without incentives would be so low that the ROA would add only a very little value to the analysis, and there would be no capital costs threshold CC* that would trigger the investment. Being the capital costs overrun the most risky parameter T -Pert distribution is suitable to model uncertainties related to capital costs, as it emphasizes the "most likely" value, which in this model is equal to the expected capital costs, as well as the lower and the upper limits T -Pert distribution related to the concept screening phase has a lower value of 0.5
Major risks Impact Evaluation tool Ref
and an upper value of 2 to emphasize the high uncertainty related to capital costs during this phase
[58] T -Pert distribution related to the detailed design phase has a lower value of 0.9 and an upper value of 1.6 to highlight the fact that, after the detailed design, the uncertainties about capital costs have reduced, but there is still the possibility that costs will rise significantly [58] .
Fig 3 represents the NPV distribution of the concept screening phase of a CAES system with a rated capacity of 50 MW, 40 £/MWh of incentives and WACC = 7.5%, that corresponds to a scenario of high capital costs uncertainty [58] . The mean of the NPV distribution is slightly positive, so the standard DCF approach would suggest to invest. However, implementing the option to wait to invest, it is possible to take a more careful decision, as the decision to invest will be exercised only in some scenarios, i.e. when the value of the capital costs is lower than the capital cost threshold CC*.
These scenarios are represented through iterations of the MC simulation. 4) there is an optimal capital costs range in which is convenient to invest. This range lays between P and CC*: between these two values the investment reaches the highest NPV, and the utility can decide to invest, according to its risk aversion. For the CAES system of 50 MW displayed above, the range of capital costs lies between capital costs equal to P = 505,196 £/MW and capital costs equal to the threshold CC* = 828,511 £/MW.
The results of this study also indicate that not every scenario presents capital cost threshold CC*. In some scenarios the NPV is already so high that it is useless to wait for a reduction of capital costs; in other scenarios the NPV is so low that even a dramatic reduction in capital costs would not cause a positive NPV. For instance, a PHS system with a rated power of 280 MW, in a scenario with 40 £/MWh of incentives and a WACC of 7.5 % has an E[NPV] of the concept screening phase equal to 582,573 £/MW. In this case there is no need to wait for a reduction of the capital costs, as the investment would be profitable anyway. As shown in Fig 6 , the curve reductions with the reduction of capital costs, because the probability that capital costs decrease substantially is low, which has a negative impact on the E[NPV].
Conversely, a CAES system with a rated power of 50 MW, in a scenario with 25 £/MWh of incentives Step 4 Step 4 models detailed design, has to decide whether to build or not. However, investors might find convenient to postpone the decision and to wait for a further reduction of the capital costs caused by external exogenous factors. Indeed, factors such as technology breakthrough, mass production, industrial learning or currency issues, can have a
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To mathematically model the additional flexibility of the option to wait to build, a reduction of capital costs has been simulated through a reduction -Pert distribution. Results are presented in section 4.
Results

Results of Step 1
The optimal storage capacity for PHS systems and CAES systems is respectively 6 hours and 4 hours, 
Results of Step 2
The DCF analysis of step 2 provides several outputs. 
Results of Step 3
Results of step 3 consist of:
1) the NPV distributions of the concept screening phase;
2) the capital costs thresholds CC*.
The NPV distributions of step 3 are particularly relevant when compared with the ones of step 4.
Therefore the E NPV NPV and the probability of having negative NPV) of the costs is also relevant, as (1) in some scenarios, the expected capital costs are close to the capital cost thresholds CC*, and (2) in some others the expected capital costs are already lower than the threshold CC*, as the distributions assigned to the capital costs have a negative skew. 
Results of Step 4
The algorithm presented in Fig 7 provides the following outputs:
1) how many times the investment in the detailed design is done, i.e. the times that the capital cost was lower than the threshold CC*;
2) how many times the deterministic NPV is lower than zero and the project does not proceed after the detailed design phase;
3) how many times the deterministic NPV is higher than zero and the analysis proceeds with the MC simulation with low uncertainty; 4) the NPV distribution after the implementation of the option to build.
The results of step 4 are presented in Tab 9 highlighting the comparison between the main parameters of the NPV distribution regarding:
1) the stochastic DCF analysis in the concept screening phase;
2) the scenario with capital costs equal to CC*, i.e. the implementation of the option to wait to invest;
3) the implementation of the option to build after the detailed design phase; 4) the implementation of the option to wait to build after the detailed design phase. 
ESS
Conclusions
The increasing amount of variable power production from RET is becoming a key challenge for the management of the electrical grid. ESS are one of the most promising solutions to provide the flexibility required for future smart grids, as they can store energy and deliver it on demand. In particular, the most suitable ESS for the storage of several MWh are PHS and CAES. Being investments in these technologies intrinsically risky a careful appraisal is envisaged. The risks that mainly affect the profitability of PHS and CAES systems are (1) the reduction of the electricity price spread and its volatility, (2) the increase of natural gas prices, (3) the value of incentives, (4) delays in construction and (5) -Volatility of electricity prices -Regulatory change: given the current economic crisis, the government believes that the support given to electricity generation from renewable sources is no longer a priority -No technology changes, no environmental policies, and no fuel costs are considered -No spot market prices are included as they may be strongly influenced by short-term factors. -Mini-hydro plant is not implemented in phases -Option to postpone the investment (also called option to defer) -The project value after ROA has higher NPV when compared with the NPV of the traditional DCF analysis. The option value is the difference between static NPV and expanded NPV, and it has a positive value. It is convenient for the investor to wait for more information in order to lower project uncertainty, and will invest when electricity price are sufficiently high
-Analysis of the economic viability of building an algaebiofuel plant or a desalinisation plant coupled to an SMR -Numerical assumptions regarding technical data -Option to build -Option to switch -The main economic result is that the desalination plant can be a viable investment in several scenarios -The option to switch is able to add an extra worth to the investment project given by the operation flexibility. The advantage given by the possibility to switch between two alternative output products strongly depends on the combination of relative prices of water and electricity -UK market
[64] -Domestic photovoltaic system -Improvement in efficiency and cost reduction in the photovoltaic (PV) modules increase the value of the option to defer the investment -Hypothesis of the domestic consumers do not apply to every analysis. -Simplified assumptions about the FITs can have significant impacts on economic attractivness on PV systems in UK.
-The model employs a quadranomial lattice to address uncertainty in the life cycle cost of PV systems due to the greenhouse gas emissions trading market.
-Option to postpone the investment -The results suggest that PV technologies can be introduced in the next 4 years if cost reductions and tradable permits value increases are realized. A relevant result is that delaying investment in a system designed with wafer-based multi-crystalline is not convenient, but delaying investment in a system with emerging organic-based thin film cells is highly convenient.
-China [65] -Nuclear power -Fluctuations of input costs -Regulatory actions might cause a forced termination of the construction -The potential that a reactor may not be re-licensed is considered -Risk of mismanagement is considered -Not explicit: numerical assumptions regarding technical data -Option to abandon -The goal of this analysis is to assess the loss of value in a nuclear project, taken the listed risks O are taken into account, it appears that new nuclear may be a viable investment at current rates of subsidy.
-Germany [66] -Several renewables technologies -Price of electricity -Public incentives: feed-in tariffs, investment subsidies, tax credits, portfolio requirements, certificate systems -Impact of large companies on prices in the market & uncertainties emanating from market and environment -No alternative ideas to stabilize profits from renewable energy carriers, such as PHS, were explored -Option to invest into new power generation capacity and choose the most convenient type of technology -Environmental uncertainties such as the variability of renewable loads need to be modelled explicitly, due to their high impact -Feed-in tariff are an effective means of promoting renewable investment -Nordic region:
[67] -Renewables, focus on wind farms -Price uncertainty -Public incentives: feed-in tariffs and renewable energy certificate trading.
-Independence between production and price. -Annual production is a function of the capacity installed, and this function is increasing and concave -No depreciation on renewable investment. -No correlation between capital cost and steel spot prices and no correlation between electricity future price and subsidy payments. -Aa real options model is built upon a trinomial tree that evaluates numerically the probabilities of the alternatives of investing now, waiting or abandoning the project Among other results, it is interesting to notice that the variation of the option price is found to be almost linear with respect to the risk aversion and that the volatility of the spot price does not affect results significantly -Taiwan
[38] Wind technology Main option parameters are -Underlying price (estimated NRE costs) -Exercise price (estimated RE costs) -Time to maturity -Risk-free rate -Volatility (historic percentage of price movements) -The model incorporates internal factors as firm decisionmaking actions and external factors such as oil price fluctuations and other changes in the investment environment -The reliability and accuracy of the data has to be reviewed, in order to further improving the proposed model.
-Option to wait is considered in order to reduce uncertainty in policy planning -Analytical results indicate that ROA is a highly effective means of quantifying how investment planning and managerial flexibility influence RE development. This study shows the relationship between the value of developing RE and underlying price, exercise price, time to maturity, risk-free rate, and volatility -Taiwan, 2011
[70] -Renewable technology, and wind farms -Fluctuation in the price of traditional fossil-fuel generated power is taken into account, as it affects RE.
-Development in the policies are discussed -Not explicit: technical data regarding the case study of wind energy technology analysed -The government has the following five options: to grow, abandon, contract, expand, switch -The binomial RO pricing approach is adopted to explain the effect of fluctuations in the cost of fossil fuel-generated power. The model accounts for reductions in the cost of RE generation as well and it is used to draft development policies for the upcoming year. The proposed PET model can help reduce policy implementation costs, enhance policy performance, and facilitate an estimation of substantial benefits brought by specific policies -United States
[71] -Oil & Gas -Oil price volatility: As the level of oil price uncertainty increases, the option value of waiting to invest increases and the incentive to invest declines.
-These models assume risk neutrality, perfect competition, and constant returns to scale technology -Option to wait -Option to grow -Results provide a very strong evidence for a U shaped relationship between firm level investment and oil price volatility. Once the inflection point is reached, investment increases as the strategic growth option value dominates -Eastern Kentucky [72] -Oil & Gas, focus on gas production -Natural gas price -A deterministic model has been used.
-Data of a specific well have been used. -A strategic model that starts at the pre-drilling phase could be considered in further researches.
-Option to scale the production level -Option to scale the extraction rate by pausing the production -The use of ROA increases the value of the well. It is notable that the option value of the portfolio that includes all the three scaling options exceed the sum of the values of individual options -Option to produce, abandon, pause, invest/disinvest are also considered -China
[73] Oil & Gas, overseas investment -Three major uncertainties: oil prices, investment environment and exchange rate.
-First: the model has not considered the potential reward form the acquisition of future development options. Second, this research has assumed the oil price, exchange rate and investment environment to follow geometric Brownian motion which is a simplification. Third, the tax rate, interest rate and oil-production cost are constant in this model, and the impact of resource taxation on oil investment has not been considered -Option to abandon the project at an early stage.
-It is a broad model that can be used by every oil investor country to value overseas oil resources. Using the model to evaluate the critical value per unit of oil reserves in different countries, it is possible to compare their oil investment risk by ranking their values of the Option Value Index. The investor can compare different countries' oil-investment risk by ranking their OVI to find which countries or areas are more proper to invest.
-Europe and North America [74] -Oil & Gas: Liquefied Natural Gas -Natural Gas price volatility and convergence. -The effect of the variation of initial market prices for MC simulations, of mean reversion, of extra maritime transportation costs, of the number of alternative markets -Constant volatility and yearly average prices -Option to switch, i.e. to choose which international market is more convenient for the delivery of liquid natural gas.
-The value of free destination is substantially reduced if we have high price convergence and low price volatility in the alternative market. Under these circumstances the parameters determining the price dynamics in the EU base market, mean reversion and price volatility in the base market, would gain importance in determining the value of free destination. DCF and ROA to 1) find the optimal storage capacity 2) find the incentives that guarantees NPV = 0 3) calculating the the capital cost threshold that would guarantee the maximum NPV and the value of the real option to wait to invest 4) calculating the value of the real option to build and to wait to build
profit or the minimisation of the incentives ROA to maximize the profit of ESS ROA to maximize the expected profit during the planning period ROA to quantify the unit commitment planning that corresponds to future scope of actions. The difference between the contribution margins is the value of the future scope of actions.
Real Options implemented
Option to wait to invest; option to build; option to wait to build. In the first scenario fuel cell cannot operate cost-effectively under the three operating modes considered, under current German market condition. The second scenario can offer only minute reserve, but avoiding the initial cost of fuel cell can cause a positive cash inflow, namely for hydrogen prices of more than 0.
m . ROA recommends this solution as the project value is twice the investment cost of the ESS.
The necessary price premium so that the investment in ESS is profitable and the necessary subsidy to reach a more realistic price premium. In particular the premium price that triggers the investment of a ESS is 70% for Germany and 75% for Norway, and that the subsidy that should make up the difference between this needed premium and a more realistic premium, in the range 10% -30%, reaches 35% for Germany and 50% for Norway. [74] R Y R R -term liquefied natural Energy Econ., vol. 30, no. 4, pp. 1909 1932 , Jul. 2008 [75] F. Kj A T N Energy Policy, vol. 35, no. 11, pp. 5901 5908, Nov. 2007. 
